This study aims to search for the existence of intraday variability (IDV) of BL Lac object S5 0716+714 at high radio frequencies for which the interstellar scintillation effect is not significant. Using the 21-meter radio telescope of the Korean VLBI Network (KVN), we present results of multi-epoch simultaneous dual-frequency radio observations. Single-dish observations of S5 0716+714 were simultaneously conducted at 21.7 GHz (K-band) and 42.4 GHz (Q-band), with a high cadence of 30-60 minute intervals. We observed four epochs between December 2009 and June 2010. Over the whole set of observation epochs, S5 0716+714 showed significant inter-month variations in flux density at both the K-and Q-bands, with modulation indices of approximately 19 % for the K-band and approximately 36 % for the Q-band. In all epochs, no clear intraday variability was detected at either frequency. The source shows monotonic flux density increase in epochs 1 and 3 and monotonic flux density decrease in epochs 2 and 4. In the flux density increasing phases, the flux densities at the Q-band increase more rapidly. In the decreasing phase, no significant flux density difference is seen at the two frequencies. The situation could be different close to flux density peaks that we did not witness in our observations. We find an inverted spectrum with mean spectral indices,ᾱ (S ν ∝ ν −α ), of -0.57±0.13 in epoch 1 and -0.15±0.11 in epoch 3. On the other hand, we find relatively steep indicesᾱ of +0.24±0.14 and +0.17±0.18 in epochs 2 and 4, respectively. We conclude that the frequency dependence of the variability and the change of the spectral index are caused by source-intrinsic effects rather than by any extrinsic scintillation effect.
Introduction
Flux density variability on various time scales in active galactic nuclei (AGNs) has been reported over a broad range of the electromagnetic spectrum. Intraday variability (IDV) in AGNs was observed in radio wavelengths as well as in the optical band (e.g., Heeschen et al. 1987; Wagner et al. 1990; Quirrenbach et al. 1992; Wagner & Witzel 1995; Kraus et al. 2003) . Heeschen et al. (1987) categorized IDVs into two types according to time scales of flux density variability, namely, sources with variability longer than two days as type I and shorter than two days as type II. IDV has been detected in compact radio sources with flat spectra, such as BL Lacertae (BL Lac) objects and optically violent variable (OVV) quasars. IDV has been explained as resulting from either superluminal motion of relativistic shock in an inhomogeneous jet (Marscher & Gear 1985; Qian et al. 1991) , rapid changes of the direction of shocks inside a jet (Gopal-Krishna & Wiita 1992) , or the extrinsic interstellar scintillation (ISS) effect due to scattering in the interstellar plasma screen between the source and the observer (Spangler et al. 1989; Dennett-Thorpe & de Bruyn 2002) . The ISS effect is usually dominant at long wavelengths because the scattering effect depends on frequency, according to the relationship ν −2.2 (Rickett et al. 1984 ). Therefore, the ISS effect is not significant at high radio frequency.
S5 0716+714 (z = 0.31 ± 0.08; Nilsson et al. 2008 ) is a flat-spectrum BL Lac object. The source is known as a type
Correspondence to: bwsohn@kasi.re.kr II IDV source at 2.7 GHz (Heeschen et al. 1987) . IDV with a peak-to-peak amplitude of ∼20 % has also been reported even at 32 GHz (Krichbaum et al. 2001; Kraus et al. 2003) . A close correlation between the radio and the optical band with a short time lag in this source was observed Wagner et al. 1996) . In multi-frequency campaigns from centimeter to sub-millimeter wavelengths, S5 0716+714 did not exhibit type II IDV, whereas a monotonic increase in the flux density similar to interday variability was detected (Agudo et al. 2006; Ostorero et al. 2006; Fuhrmann et al. 2008) . Fuhrmann et al. (2008) found that the flux density variation is correlated over all observed wavelengths from centimeter to millimeter and that there is a trend of increasing time lag toward lower frequencies. They also found that the flux density variations tend to be stronger at higher frequencies. All of these behaviors of the variability were interpreted as evidence of a source-intrinsic origin rather than as part of the ISS effect. Gupta et al. (2012) detected the intraday variability with the timescale of less than 1.5 days at the low radio frequencies (2.7, 4.8, and 10.5 GHz). They found more rapid variability (approximately 0.5 days) at 10.5 GHz and that the variability of 10.5 GHz leads the variability of the lower frequencies by approximately 1 day. They also found the modulation indices decrease with increasing frequency. These behaviors suggest that ISS seems to be dominant at 2.7 and 4.8 GHz, whereas the intrinsic contribution to the source variability predominates at 10.5 GHz. Rani et al. (2013) reported that the broadband flux density and variability of S5 0716+714 peak around 43 GHz that they are saturated above this frequency, and that they are damped at lower frequency due to an opacity effect. Therefore, observations at 43 GHz are advantageous for the study of the characteristics of variability in the flux density. This study was planned to search for type II IDV at the radio frequency and for evidence of intrinsic flux density variability in S5 0716+714. In this paper, using the KVN radio telescope, we report on the results of multi-epoch simultaneous dual-frequency observations.
Observations and data reduction

Observations
The Korean VLBI Network (KVN), which is a very long baseline interferometry (VLBI) facility for mm-wavelength, allows simultaneous multi-frequency observations (Kim et al. 2004) . KVN consists of three 21-meter Cassegrain radio telescopes that are located in Seoul (Yonsei University), Ulsan (University of Ulsan), and Jeju Island (Jeju International University) in the Republic of Korea 1 . Single-dish observations were performed with the KVN Yonsei radio telescope at four epochs between December 2009 and June 2010 . The observation dates are listed in Table 1 . In epoch 1, we observed from UT 04:00 to UT 16:00 in 3.5 consecutive days. In epochs 2 -4, the observations were conducted over 6.5 days, 3 days, and approximately 2 days, respectively. However, the observations were ceased due to bad weather conditions for approximately 1 day in epoch 3. The target and the calibrator were observed every 30 minutes in epochs 1-3 with an on-source integration time of 40 sec at the K-band and 20 sec at the Q-band. In epoch 4, we observed the sources in every hour with an on-source integration time of 80 sec and 40 sec at the K-band and the Q-band, respectively, due to the high system temperature in summer.
Simultaneous dual-frequency observations were conducted at both 21.7 GHz (K-band) and 42.4 GHz (Q-band). The observed bandwidth was 512 MHz and the system temperatures, T sys , were from ∼80 to ∼230 K at the K-band and from ∼170 to ∼250 K at the Q-band over the whole set of observation epochs.
Flux density measurements were performed by cross-scans on the source in the azimuth and elevation directions. One crossscan set consists of ten sub-scans in each direction. The standard deviation of the pointing offsets over the whole set of observation epochs were ∼4 in the azimuth direction and ∼8 in the elevation direction. Due to a deviation of the beam alignment, the pointing offset between the K-band and the Q-band was ∼4 in the elevation direction. Pointing offsets larger than 50 % of the HPBW (half-power beam width) at the Q-band occurred often in the elevation direction in epoch 1. This is because of thermal deflection by the antenna mounting structure. Therefore, to avoid this effect, we adjusted the antenna pointing during monitoring from epoch 2 to epoch 4. The primary calibrator, 3C 286, and the secondary calibrator, 0836+710, were observed to convert 1 http://kvn.kasi.re.kr/index.html/main.html the antenna temperature to the flux density and to calibrate the time-dependent systematic variations, respectively. The final errors of the flux densities are 0.16 Jy at 22 GHz, 0.42 Jy at 43 GHz in epoch 1, and 0.08 Jy at 22 GHz and 0.2 Jy at 43 GHz in epochs 2-4. S5 0716+714 and 0836+710 were observed alternately and 3C 286 was observed with a cadence of one or two hours. To measure the sky opacity at a zenith, τ 0 , we performed sky-dip observation every one or two hours. A summary of the observations is provided in Table 2 .
Data reduction
The data reduction processes for the cross-scan measurements were as follows: first, we removed the sub-scans that had large fluctuations in power level. Those large fluctuations seem to have been affected by atmospheric and instrumental fluctuations. We averaged the sub-scans in the azimuth (az) and elevation (el) directions separately. Then, we measured the opacity-corrected antenna temperature T * A , the pointing offset, and the HPBW using a Gaussian profile fit to the average of the sub-scans. Here, T * A is defined by T * A = T A · exp τ 0 secz , where T A is the antenna temperature, τ 0 is the opacity at zenith, and z is the angle at zenith. Then, the corrected pointing offset antenna temperature is
where, T * A,i is the opacity corrected antenna temperature in the i-direction and x j indicates the pointing offset in the j-direction; θ is the HPBW (see Table 2 ) (Fuhrmann 2004; Park et al. 2013) . The directions i and j are the azimuth and the elevation, respectively. We next determined the corrected antenna temperature T * A,corr , as the arithmetic mean antenna temperature T * A,corr,az and T * A,corr,el . For pointing offsets larger than 50 % of the HPBW in the elevation direction, only T * A,corr,el was taken into account. In order to remove systematic time-dependent variations (i.e. relative gain) of S5 0716+714, we assumed that T * A,corr of 0836+710 is a constant,T * A,corr , over a few days; we then computed the relative gain usingT * A,corr /T * A,corr of 0836+710. The deviations of the relative gain are ≤4 % at the K-band and ≤7 % at the Qband. These values correspond to a 1-σ measurement error. We linearly interpolated the relative gain of 0836+710 with time and determined a relative gain value with time of 0716+714. T * A,corr,gain of S5 0716+714 was obtained by multiplying the relative gain and T * A,corr of S5 0716+714. Finally, T * A,corr,gain was converted to flux density using conversion factors obtained from the primary calibrator, 3C 286. Here, the flux density values of 3C 286 were 2.64 Jy at the K-band and 1.5 Jy at the Q-band; these values were obtained from measurements of Mars (Sohn et al. in prep.) . Errors in the calibrated flux density of S5 0716+714 were calculated by propagating the measurement uncertainties of both the source and the calibrator.
Results
Light curves
The light curves of S5 0716+714 (top) and 0836+710 (bottom), obtained at the K-band (red symbols) and the Q-band (black symbols) are shown in Fig. 1 . The light curves include data over the whole set of observation epochs. As can be seen in Fig. 1 , S5 0716+714 exhibits significant flux density variation at both frequencies. During our observations, the source was brightest in Figure 2 shows light curves of the source for each epoch, separately. In each epoch, it seems that there is fast flux density flickering within a one-day time scale. However, the amplitudes are smaller than the 2-σ measurement error, and thus we considered that those variations are insignificant. In our multiepoch observations, we detected two different trends in the flux density of S5 0716+714. The source clearly shows a monotonic increase in the flux density in epochs 1 and 3 and a monotonic flux density decrease in epochs 2 and 4 at both frequencies. In epoch 2, the light curves show changes of slope. In epochs 1 and 3, the flux density at the Q-band is brighter than that at the K-band, whereas in epochs 2 and 4, the flux density at the Qband is dimmer than that at the K-band. To search for possible time lags, we performed cross-correlation analysis on the light curves for four epochs. However, we found no intraday-scale time lag between the K-band and the Q-band in four epochs. This is mainly because the flux density variations are linearly increasing or decreasing within the intraday time scale. Interestingly, the IDV light curves at 2.7, 4.8, and 10.5 GHz of Gupta et al. (2012) , whose observations overlap with our epoch 1, show different trends. The flux density of the source decreases at low frequencies whereas it increases at K-band and Q-band. This difference can be explained if the variation of flux displays a time lag of up to a few days (depending on frequency), such that the variations in flux density at the higher frequency start ahead of those at the lower frequency, as reported by Rani et al. (2013) . In this context, the flux density increase at 10.5 GHz from JD 2455179.5 Gupta et al. (2012) could be interpreted as lagged behind the flux density increase at 22 and 43 GHz which began a few days ahead.
Variability
To quantify the variability of S5 0716+714 at the K-and the Qbands for each epoch, we followed statistical variability analysis methods such as modulation index m, variability amplitude Y, and reduced χ 2 -test, as defined by Heeschen et al. (1987) and Kraus et al. (2003) . To characterize the variability strength of the source, the modulation index m and the variability amplitude Y were calculated. The modulation index m is defined as
where σ S and S denote the standard deviation of the flux density and the mean flux density, respectively. To take into account the residual variability due to calibration error of the calibrator source, the variability amplitude Y was used with
where m 0 is a modulation index of 0836+710. To prove the presence of the variability in the light curves, we performed a reduced χ 2 -test with a hypothesis of a constant model as
where S i is the individual flux density at time i, S is the average of the flux density, ∆S i is the individual measurement error, and N is the number of data points. To reject a constant model in which the source has no variability, we chose a p-value cut-off of 0.001. This cut-off corresponds to 99.9 % significance level for variability. We applied the above statistical analysis methods to both S5 0716+714 and 0836+710 at the K-band and the Q-band, respectively. The results of the analysis of the modulation index m, the variability amplitude Y, the reduced χ 2 -test, and reduced χ 2 value corresponding to a 99.9 % significance level of variability are listed in Table 3 . We finnd significant inter-month flux density variations and frequency dependence of the variability in S5 0716+714, with m values of approximately 19 % at the K-band and approximately 36 % at the Q-band over the whole set of observation epochs. These values are larger than those of m 0 of the secondary calibrator, 0836+710, by factors of four to five at both frequencies. The frequency dependence of m 0 in each epoch is thought to be due to atmospheric effect and residual calibration errors. Although the values of m for 0836+710 are somewhat high, with ranges of 3.6 % to 4.2 % at the K-band and 5.7 % to 7.4 % at the Q-band in each epoch, we find larger amplitudes of the flux density variation with the values of m of S5 0716+714 in the ranges of 6.5 % to 10.3 % at the K-band and 8.8 % to 12 % at the Q-band in each epoch. These variations seem to indicate the monotonic increase or decrease in the flux density of S5 0716+714, rather than indicating type II intraday variability. We note a higher variability amplitude Y of the source at the higher frequency. Fuhrmann et al. (2008) found similar frequency dependence of the variability from cm to submm data and explained it as a source-intrinsic origin. In epoch 2, the highest Y values seem to be due to the longest duration of the observation period.
To measure a monotonically increasing and decreasing rate in the flux density, we applied linear least-square fitting to the light curves. Because the light curves in epoch 2 have two different slopes, we divided the light curves into two parts from MJD 2455201.04 to JD 2455203.97 and from JD 2455203.98 to JD 2455207.53. For epoch 3, we did not conduct the linear leastsquare fitting to the light curves because of the absence of data for the one day between MJD 2455225.7 and 2455226.5 and the large scatter around MJD 5227.5 that seems to be affected by the scattering of the secondary calibrator, 0836+710. In Table 4 , we summarize the results of the linear least-square fitting. The results show that when the flux density increases in epoch 1, the increase of the rate at the Q-band is faster than at the K-band by a factor of 2. When the flux density decreases in epoch 2, the decrease of the rate is not very different at the two frequencies. This behavior of the variability could be different close to other flux density peaks that we did not witness in our observations. We will discuss this question in our next paper, which is in preparation.
Spectral index
The variation of the spectral index with time, α (defined by S ν ∝ ν −α , where S ν is the flux density at the observing frequency, ν), of S5 0716+714 is shown in Fig. 3 . In this figure, the data points indicate the daily mean spectral indicesᾱ. The spectral indices vary significantly over the whole set of the observation epochs, with changes in sign from negative to positive. There are values of aᾱ of -0.57±0.13 in epoch 1, +0.24±0.14 in epoch 2, -0.15±0.11 in epoch 3, and +0.7±0.18 in epoch 4. Interestingly, during epochs of increasing flux density (epochs 1 and 3), the spectra appear inverted (optically thick), whereas while the flux density is decreasing (epochs 2 and 4) the emission appears slightly steep (optically thin). These spectral changes with observation epoch can be understood as showing that the flux density variability of the source has to be considered as intrinsic in origin.
To investigate the changes of the spectral indices with the intensity of the flux densities, we compared the spectral indices and the flux densities over the whole time range of our observations and the results are plotted in Fig. 4 . This figure shows a tight correlation between the flux densities and the spectral indices. We estimated the Pearson correlation coefficient r between the flux densities and the spectral indices as shown in Fig. 4 . The correlations are strong (i.e., |r| > 0.5) and negative at both frequencies. This means that when the source becomes bright, the spectrum between the K-band and the Q-band is inverted, whereas when the source becomes fainter, the spectrum is mildly steep. We suggested that the variable component may emerge from the inner part of a jet and propagate outward from the jet base.
Conclusions
In this work, we search for the existence of type II IDV in the flux density of BL Lac object S5 0716+714 at radio frequencies. We perform multi-epoch simultaneous dual-frequency observations at the K-and the Q-bands, using the KVN Yonsei radio telescope.
In conclusion, the source shows significant inter-month variation in the flux density at the K-and the Q-bands with a large modulation index over the whole set of observation epochs. Despite several intensive observations, no typical type II IDV was found in either frequency in any of the epochs. The source exhibits a monotonic flux density increase or decrease in each epoch, with increasing variability amplitudes at high frequency. In the flux density increasing phase, the flux density varies more rapidly at the Q-band whereas in the decreasing phase, there are no significantly different rates for the two frequencies. We observed variations of the spectral indices over the whole set of observation epochs, with changes in sign from negative to positive. We suggest that this variability behavior could have an intrinsic origin rather than resulting from the extrinsic scintillation effect. In our observations, we did not find statistically meaningful IDV phenomena at 22 and 43 GHz. To understand the origin of variability on inter-month time scales, continuous flux density monitoring of S5 0716+714 will be required. 
